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ABSTRACT
The dynamics of the high-inclination Plutinos is systematically studied. We first
present the peculiar features of the 2:3 Neptune mean motion resonance (NMMR) for
inclined orbits, especially for the correlation of resonant amplitude Aσ with inclination
i. Using the numerical integrations for the age of the Solar system, the dynamical
structure of the 2:3 NMMR is mapped out on the plane of semi-major axis versus i
for different eccentricities. We have shown that i of stable resonant orbits could be as
high as 90◦; and the stable region is roughly surrounded by the contours of Aσ = 120◦.
These new findings allow us to further explore the 2:3 NMMR capture and retention
of planetesimals with initial inclinations i0 6 90◦ in the frame of the planet migration
model. We find that the outward transportation of Plutinos is possible for any inclined
or even perpendicular orbits.
The role of i0 in the formation of Plutinos during Neptune’s migration is high-
lighted and interesting results are obtained: (1) The capture efficiency of the 2:3
NMMR decreases drastically first with the increase of i0, but it then raises instead
when i0 exceeds ∼ 50◦; (2) The magnitude of i-variation is limited to less than 5◦
for any i0, and moreover, for Plutinos with i & 48◦, their i are forced to decrease
throughout the outward migration; (3) Plutinos with i & 48◦ are certainly outside
the Kozai mechanism, since an inclination increase is prohibited by the migrating 2:3
NMMR; (4) The 7:11 inclination-type NMMR could be responsible for nearly-circular
Plutinos, and a minimum i0 ∼ 15◦ is required to intrigue this mechanism.
Key words: celestial mechanics – Kuiper belt: general – planets and satellites:
dynamical evolution and stability – methods: miscellaneous
1 INTRODUCTION
The Plutinos are a set of Kuiper belt objects (KBOs) who
reside in the 2:3 Neptune mean motion resonance (NMMR)
at semimajor axis a ≈ 39.4 AU. Their dynamical properties
are valuable clues as to what happened during the forma-
tion of the outer Solar system, thus have received the most
interest in the study of the Kuiper belt (Malhotra et al.
2000; Luu & Jewitt 2002; Morbidelli & Brown 2004; Glad-
man 2005; Gomes 2009; Petit et al. 2011; Gladman et al.
2012). A generic feature of Plutinos is that a substantial
number of them have perihelia inside the orbit of Neptune,
while they are phase protected from close encounters with
Neptune, e.g., the distance between Pluto and Neptune is
never less than 18 AU (Cohen & Hubbard 1965). At the time
of writing, more than 200 Plutinos have been discovered, and
? E-mail: ljian@nju.edu.cn
their eccentricities and inclinations at epoch 2012 Septem-
ber 30 are shown in Fig. 1. To well identify these Plutinos,
we take into account the KBOs with 39 AU6 a 640 AU reg-
istered in the IAU Minor Planet Center1, and their orbits
are integrated numerically by considering the gravitational
effects of four Jovian planets. Then an object is regarded as
Plutino if its resonant angle librates throughout the 10 Myr
evolution. The mechanism of resonant capture envisioned by
Malhotra (1995) was first proposed to explain the concen-
tration of KBOs in the 2:3 NMMR. As Neptune migrated
radially outwards due to the exchange of energy and angular
momentum between the Jovian planets and planetesimals,
its mean motion resonances swept through the residual disk
and a lot of small bodies were captured.
Yet, the planet migration and capture theory is not able
1 http://www.minorplanetcenter.net/iau/lists/TNOs.html
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Figure 1. Distribution of eccentricities and inclinations for the
currently observed Plutinos (as of October 2012). The filled cir-
cles stand for Plutinos experiencing the Kozai mechanism. Above
the dashed line at 10◦, Plutinos with high inclinations are most
concerned in this paper.
to reproduce all the observed features of Plutinos. The most
difficult challenge is their high inclinations (i) up to about
40◦ (Fig. 1), or probably even larger values. Several ex-
tremely inclined KBOs have been reported, such as the scat-
tered disk objects2 Eris with i ≈ 44◦ (Brown et al. 2005) and
2004 XR190 with i ≈ 47◦ (Allen et al. 2006; Gomes 2011);
the centaurs3 2002 XU93 with i ≈ 78◦ (Elliot et al. 2005)
and 2008 KV42 moving on a retrograde orbit with i ≈ 104◦
(Gladman et al. 2009). From the La Silla-QUEST KBO Sur-
vey, an unusual member of this high-inclination population,
2010 WG9 with perihelion q ≈ 18.8 AU, a ≈ 53.8 AU, and
i ≈ 70◦ has been discovered (Schwamb et al. 2011). As the
high-i objects spend only a tiny fraction of their time near
the ecliptic plane, surveys for KBOs have poor sensitivity to
them. With this strong observational bias, we cannot rule
out a much wider inclination distribution of Plutinos com-
pared to that of observed ones. Several studies have been
done to explore the inclination dependence of the orbital
dynamics of Plutinos, and the long-term stability is con-
firmed for i 6 35◦ (Duncan et al. 1995; Morbidelli 1997;
Melita & Brunini 2000; Nesvorny´ & Roig 2000; Lykawka
& Mukai 2007; Tiscareno & Malhotra 2009). The purpose
of this paper is to extend previous works to a somewhat
wider range of inclinations, up to i = 40◦ according to cur-
rently observed Plutinos. Furthermore, potential Plutinos
with 40◦ < i 6 90◦ have also been taken into account, in
order to obtain a complete view of Plutinos on all prograde
orbits. As we shall see, Plutinos may be classified into two
groups in terms of a critical inclination about 48◦ based on
their dynamical behaviors.
2 The scattered disk objects comprise KBOs on highly eccentric
orbits (up to e = 0.9) with perihelia beyond 30 AU, and they also
have moderate to large inclinations.
3 The centaurs are cometary objects who have perihelia and
semimajor axes between the orbits of Jupiter and Neptune. The
planet-crossing orbits of centaurs are dynamically unstable, and
these bodies are believed to be a transient population between
the scattered disk objects and the Jupiter-family comets.
In the first resonance sweeping models (Malhotra 1993,
1995; Gomes 1997), the primordial planetesimal disk was
naturally assumed to be in dynamically cold orbital condi-
tions (low values of inclination and eccentricity), because
it represented the early Solar system after the formation
of the planets. In this way, it was possible to explain the
origin of the eccentricities of Pluto and the other few Pluti-
nos locked in the 2:3 NMMR known at that time. And for
Pluto’s large inclination (∼ 17◦), Malhotra (1998) proposed
a hypothetical excitation process: an inclination increase by
the sweeping ν18 secular resonance (the frequency of a plan-
etesimal’s nodal precession coincides with that of Neptune),
followed by a trapping into the 2:3 NMMR, and later an ex-
tra inclination excitation due to the Kozai mechanism (the
libration of the argument of perihelion of a planetesimal).
Gomes (2000) examined the similar scenario in more detail,
showing that most of the inclination increase is produced
by the effective ν18 secular resonance before the 2:3 NMMR
arrives. However, in such a scenario the maximum i cannot
achieve higher than 20◦, while the eccentricity e undergoes
large increase due to the ν8 secular resonance (the frequency
of a planetesimal’s perihelion precession matches that of
Neptune), inconsistent with the current e-i distribution of
observed Plutinos (Fig. 1). Later, Gomes (2003) suggested
that the high-inclination Plutinos are originated from ec-
centric Neptune-crossing orbits around 25 AU by dynamical
scatterings, and have their orbits circularized on the path to
the 2:3 NMMR; while the population with low i is expected
to have been formed in a more distant area from the Sun.
Thus, the various formation environments such as the tem-
perature and the pressure could result in different surface
colors of the high- and low-inclination groupings (Trujillo
& Brown 2002). But in a recent paper, Sheppard (2012)
reported that Plutinos have no apparent inclination-color
correlation from observations.
In the framework of the Nice model, a planetesimal disk
with its outer edge interior to the position of the 1:2 NMMR
at the time of the planetary instability is considered as the
source of the high-inclination KBOs (Tsiganis et al. 2005;
Levison et al. 2008). There was a time when Uranus and
Neptune experienced a short but violent phase, the incli-
nations of disk particles would be stirred up dramatically.
Meanwhile, if the eccentricity of Neptune exceeded 0.15, the
NMMRs interior to the 1:2 NMMR overlapped one another.
Thus the region from Neptune’s orbit to the 1:2 NMMR be-
came a chaotic sea, throughout which the high-inclination
population could swim outwards freely, and some of them
were captured by the 2:3 NMMR in the following evolution.
The e-i distribution of survivors in the 2:3 NMMR resembles
that of observed Plutinos very well, regardless of a deficit of
objects with i > 30◦.
Some other mechanisms have also been proposed to ac-
count for the inclination excitation of KBOs. Morbidelli &
Valsecchi (1997), Petit, Morbidelli & Valsecchi (1999) and
Lykawka & Mukai (2008) showed that large planetesimals
were likely scattered by one of the Jovian planets, then
they could have pumped up e and i of the vast majority
of KBOs. Ida, Larwood & Burkert (2000) and Kobayashi,
Ida & Tanaka (2005) suggested that if an early encounter
with a stellar of one solar mass and a perihelion distance on
the order of 100 AU occurred in the past, most objects in the
primordial Kuiper belt could acquire high values of i, which
c© 0000 RAS, MNRAS 000, 000–000
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are limited by the inclination of the passing star relative
to the midplane of planetesimal disk. Chiang et al. (2007)
argued that during the era of planetary system formation,
a few Neptune-mass oligarchs existed between 20 AU and
40 AU may have stimulated the KBOs’ orbits before they
were finally removed. Following Nagasawa & Ida (2000), Li,
Zhou & Sun (2008) pointed out that, the KBOs can be ex-
cited to i ∼ 30◦ via the sweeping v15 secular resonance (the
frequency of a planetesimal’s perihelion precession is close
to that of Jupiter).
Taken in total, many works focus on how to raise i under
possible perturbations, but there is also evidence indicat-
ing that the planetesimal disk has been dynamically heated
prior to the onset of the planet migration. We know that, for
objects locked in the 2:3 NMMR with i & 10◦ − 15◦, their i
cannot be modified significantly during both the migration
epoch (Gomes 2000, 2003; Li et al. 2011) and the later Gyr
time evolution near 39.4 AU (Volk & Malhotra 2011). This
suggests that Plutinos should have already possessed their
high i before they were hijacked into the 2:3 NMMR, and ap-
proximately conserved i values from that point forward. In
addition, Wiegert et al. (2003) examined the capture of par-
ticles into the 2:3 NMMR by the effect of Neptune’s in situ
accretion, and they showed that Pluto should have arisen
from an initial high-inclination (∼ 25◦) orbit. In this pa-
per, we present new insights on Neptune’s migration into
a three-dimensional planetesimal disk, and attempt to get
some deterministic results about the role of i in the origin of
high-inclination Plutinos. Since it is natural to restrict the
maximum initial i of primordial planetesimals to the pos-
sible i-range of stable Plutinos, the study of a previously
inclined population may provide novel constraints on the
early history of the outer Solar system.
The present manuscript aimed at the dynamics of the
high-inclination Plutinos is planed as follows. In Section 2,
we describe some particular features of the 2:3 NMMR for
inclined orbits. And we also derive the minimum of the res-
onant amplitude as a function of i. Section 3 discusses the
stability of high-inclination objects in the 2:3 NMMR for
times up to the age of the Solar system, and shows that the
stable region covers the whole inclination space of i 6 90◦.
Based on this argument, in Section 4 we investigate in de-
tail the evolution of test particles with initial i as high as
90◦ in the planet migration and resonance sweeping model.
Finally, the conclusions and discussion are given in Section
5.
2 THE RESONANT FEATURES
Considering the restricted three-body model that consists of
the Sun, Neptune and a Plutino, we can write the disturbing
function in the heliocentric coordinates (Murray & Dermott
1999)
R = GmN|rN − r| −GmN
r · rN
r3N
, (1)
where G, m and r are the constant of gravitation, the mass
and the position vector, respectively. The subscript N refers
to Neptune and no subscript indicates Plutino. We will as-
sume in this section that Neptune is on a circular and zero-
inclination orbit around the Sun.
Figure 2. Time evolution of the resonant angle σ = 2λN−3λ+$
(black curve) and the argument of perihelion ω (blue curve) for
a typical inclined Plutino with i = 20◦. The red curve represents
the secular behavior of σ, and the green curve corresponds to the
temporal variation of the SLC (see text for the definition).
We regard a small body as a Plutino if the critical ar-
gument of the 2:3 NMMR
σ = 2λN − 3λ+$ (2)
librates, where λ and $ are the mean longitude and the
longitude of perihelion. Since the change rate of σ is slow, we
can average the disturbing function (1) over the fast variable
λN to remove it. For the Plutino at the location of nominal
resonance with Neptune, i.e., a = (3/2)2/3aN , we have
R(σ) =
1
6pi
∫ 6pi
0
R (λN , λ(λN , σ)) dλN (3)
for fixed values of e, i,$, σ and the longitude of ascending
node Ω, where λ = λ(λN , σ) is deduced from equation (2).
The integration interval of equation (3) is adopted to be the
time spent between successive conjunctions of the Plutino
and Neptune, i.e., 3 times the Neptune’s orbital period of
2pi.
In order to evaluate R(σ) for the 2:3 NMMR, we follow
the technique developed by Gallardo (2006a, 2006b). First
of all, since the resonant angle σ is invariant to changes in
Aries in the circular restricted three-body problem, Aries is
taken as the ascending node. Then Ω could be set to be 0,
and $ equals to the argument of perihelion ω. Secondly, the
slowly evolving σ is assumed to be constant during the above
integration interval, which is much shorter than the reso-
nant period, then R(λN , λ) could be calculated from equa-
tion (1). Finally, we obtain the averaged disturbing function
R(σ), which depends only on a given set of fixed values of
(e, i, ω, σ).
Next, we will determine the libration center of the 2:3
NMMR using R(σ) for a series of σ between 0 and 2pi. Here
we refer to such libration center as the special libration cen-
ter (SLC). To do this we introduce Lagrange’s planetary
equations, which give the time derivative of the semimajor
axis
da
dt
=
2
na
· ∂R
∂λ
=
2
na
· ∂R
∂σ
· ∂σ
∂λ
∝ ∂R
∂σ
, (4)
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. The resonant amplitude’s lower limit (∆σmin) for
orbits with inclinations from 0◦ to 90◦, at three representative
eccentricities of e = 0.05, 0.15 and 0.3. Note that the high-
inclination Plutinos always have non-zero resonant amplitudes,
thus they will never settle at the exact 2:3 NMMR.
where n is the mean motion. As da/dt is proportional to
∂R/∂σ, the minimum of R(σ) defines the SLC for a spe-
cific set of (e, i, ω). Gallardo (2006b) described the general
behavior for the 2:3 exterior resonance: there are two SLCs
at σ = 0◦ and 180◦ for low-inclination orbits; but for high-
inclination orbits, the position of the SLC strongly depends
on ω.
It is important to note that the change of the SLC has
a direct influence towards the resonant amplitude. Here we
designate the mean value of σ during the evolution as the
general libration center (GLC), and the resonant amplitude
as the maximum deviation from the GLC. By definition, a
particle inhabits the exact resonance if its resonant ampli-
tude is equal to zero. However, this resonant configuration
can never be achieved so long as the particle moves on an
inclined orbit. Using the direct numerical integration, we il-
lustrate in Fig. 2 the evolution of a typical inclined Plutino
P1 started at the SLC σ = 180◦ for initial i = 20◦, e = 0.05
and ω = 90◦. In a period of 6× 105 yr, the resonant ampli-
tude of P1 is as large as 80◦, with the GLC at 180◦.
As shown in Fig. 2, the temporal variation of σ of P1
is a composition of the secular and short-period behaviors.
So we performed an FFT low pass filter to σ to extract the
low-frequency term σ¯, as indicated by the red curve in Fig.
2. We find that the libration period of σ¯ coincides very well
with half the circulation period of ω. This can be understood
by looking at the time derivative of the resonant angle
σ˙ = 2λ˙N − 3(ω˙ + M˙) + ω˙ = 2nN − 3n− 2ω˙, (5)
which has two fundamental frequencies f1 = 2nN − 3n and
f2 = −2ω˙. Because |f2| is much smaller than |f1| for inclined
Plutinos, the variation of ω is responsible for the secular be-
havior of σ, i.e., the temporal evolution of σ¯. Keeping in
mind that the SLC is also sensitively dependent on ω, we
calculate it for specific values of e, i and ω from P1’s instan-
taneous orbit. The temporal behavior of the SLC is plotted
as the green curve in Fig. 2. The high-degree overlap between
red and green curves demonstrates that the secular behavior
σ¯ could be essentially identical to the variation of the SLC,
which is not a constant anymore for high-inclination Pluti-
nos. The amplitude of the SLC is about 41◦ corresponding
to a low frequency f2, and the oscillating of σ superposed on
the SLC with a high frequency f1 has an amplitude about
39◦. These two parts comprise the global deviation of the
resonant angle σ from the GLC at 180◦, namely what is
usually called “resonant amplitude”.
In view of the above, for high-inclination Plutinos the
amplitude of the SLC predicts the resonant amplitude’s
lower limit, denoted by ∆σmin. Given three representative
eccentricities of e = 0.05, 0.15 and 0.3 (covering the observa-
tional range), we estimated the values of ∆σmin for Plutinos
with i 6 90◦ (see Fig. 3). As expected, ∆σmin is zero when
i = 0◦ and shifts to larger value with increasing i, reaching a
maximum of ∼ 75◦ under i ∼ 80◦ − 90◦ for e = 0.05. Along
with the increase of e, the variation of the SLC becomes
less and less pronounced. When e exceeds 0.3, the values of
∆σmin are always on the order of smaller than 20
◦ for all
prograde Plutinos. It is necessary to stress that, the exact 2:3
NMMR with zero-amplitude libration will never arise unless
in the two-dimensional planar three-body model, where the
SLC is fixed at 0◦ or 180◦. In addition, we would like to men-
tion that low-inclination Plutinos librating around σ = 0◦
will lose stability if the perturbations of any other Jovian
planet besides Neptune are taken into account.
In the following of this paper, we will focus on high-
inclination Plutinos with i > 10◦. For consistency with pre-
vious literatures, we hereafter denote the libration center
of the 2:3 NMMR by σ0 = 180
◦ (i.e., the GLC), and the
resonant amplitude by Aσ = σmax − σ0.
3 THE LONG-TERM STABILITY
To update the possible upper-i cutoff of Plutinos, we must
first analyze the dynamical stability of high-inclination can-
didates populating in the 2:3 NMMR. This section presents
our results of numerical integrations of Plutino-type orbits
(i.e., in the 2:3 NMMR with a ∼ 39.4 AU and the resonant
angle σ librating) with i as large as 90◦ for the age of the
Solar system (4 × 109 yr). As we know by far, there is just
one similar work considering such extremely inclined orbits
(up to i = 90◦) done by Duncan et al. (1995); however, the
duration of their integrations is relatively short (109 yr), and
the initial eccentricities are restricted in the range e 6 0.1,
where inclined orbits are more easily destabilized by secular
resonances (Nesvorny´ & Roig 2000).
In our numerical model, the Solar system consists of
the Sun with the masses of the terrestrial planets added,
four Jovian planets and a number of test particle Plutinos.
The planets’ masses, initial positions and velocities are taken
from DE405 (Standish 1998). Initially, test particles are uni-
formly spaced between 39 AU and 40 AU with i ranging from
10◦ to 90◦ in steps of 10◦, still for e = 0.05, 0.15 and 0.3.
The initial angles are chosen such that all particles start
from σ = σ0 = 180
◦, ω = 90◦ (the libration center of ω
associated with the Kozai mechanism) and Ω = ΩP (the
longitude of ascending node of Pluto). The massless par-
ticles are gravitationally affected by, but not affecting the
other bodies. In this paper we employ the swift rmvs3 sym-
plectic integrator developed by Levison & Duncan (1994).
c© 0000 RAS, MNRAS 000, 000–000
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Figure 4. The contours of the resonant amplitude Aσ of the 2:3
NMMR on the initial (a, i) plane for the eccentricity of e = 0.05.
The minimum of Aσ is 24◦ at i = 10◦.
We use a time step of 0.5 year, which is about 1/24 of the
shortest orbital period (Jupiter) in our model.
According to Morbidelli (1997), the dynamical struc-
ture of the 2:3 NMMR at small inclination can be simply
characterized by the resonant amplitude Aσ, which deter-
mines the regular, chaotic and transition regions. This sta-
bility criterion warrants an extension to highly inclined or-
bits. Thus, we have numerically calculated and recorded Aσ
as a function of initial a and i, by performing a series of
high-resolution runs with ∆a = 0.001 AU and ∆i = 5◦ for
106 years. A typical example of the refined contours of Aσ
has been shown in Fig. 4 for e = 0.05. From this case, we
again prove that the inclined Plutinos would never stick to
σ0 with Aσ = 0
◦. The minimum of Aσ at a specific i is al-
ways a bit larger than the corresponding lower limit ∆σmin
obtained by our analysis in Section 2. With different initial
ω or Ω, we performed additional calculations for the case of
e = 0.05. We find that, as long as each of these two angles is
the same for all orbits starting from σ = 180◦, the shape of
Aσ contours is equivalent to Fig. 4. We also recall from Mor-
bidelli et al. (1995) that the 2:3 NMMR has a very complex
dynamics since some secular resonances are located inside,
as we discuss later.
In the following 4 × 109 yr integrations, we reduce the
spatial resolution to ∆a = 0.005 AU and ∆i = 10◦ (i.e.,
201 test particle lie between 39 AU and 40 AU at each i) in
order to save the amount of computer time. Even so, this
resolution is much higher than that in Duncan et al. (1995)
(∆a = 0.1 AU), and it is effectual to measure the upper-i
cutoff, below which objects could remain stable in the 2:3
NMMR. The dynamical lifetime of each test particle is cal-
culated from our numerical simulations, and it is indicated
by the colored strip on the initial (a, i) plane in Fig. 5. In
the gray region, Plutinos can survive right up to the present
day.
The key result depicted in Fig. 5 is that the stable mo-
tion in the 2:3 NMMR covers the whole inclination-range of
10◦ 6 i 6 90◦. Figure 5a could be combined with the middle
panel of Fig. 2 from Duncan et al. (1995), i.e., for the case of
initial e = 0.05, the existence of stable regions near 39.4 AU
Figure 5. The dynamical lifetime on the initial (a, i) plane for
test particles spaced between 39 AU and 40 AU in the 4× 109 yr
numerical simulations: (a) e = 0.05, (b) e = 0.15, (c) e = 0.3. The
grey strips represent particles that can survive for the length of
our integration. The dashed lines denote the separatrices of the
2:3 NMMR (i.e., Aσ = 180◦). The contour curves of Aσ = 120◦
(full lines) roughly surround the stable orbits in the 2:3 NMMR,
which can extend to inclinations as high as 90◦. The dots in panels
(b) and (c) indicate the observed Plutinos with e = 0.15± 0.015
and e = 0.3± 0.015, respectively.
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at large i up to 90◦ has been further confirmed in our long-
time integrations over 4 Gyr. The main discrepancy is that
the 2:3 NMMR is fully unstable at i = 30◦ for e = 0.05 in
Duncan et al.’s calculations, and it probably results from
their lower resolution of a. As can be seen by careful exami-
nation of Fig. 5a, at i = 30◦, the widest stable range of a in
the 2:3 NMMR is only about 0.06 AU. While for the cover-
age in Duncan et al. (1995), the initial spacing between test
particles was chosen to be 0.1 AU, thereby they might leave
out the narrow stable bands there. In reality, Tiscareno &
Malhotra (2009) found that stable resonant orbits for Pluti-
nos are visible for the entire range of 5◦ 6 i 6 35◦ at low
e. However, would Plutinos with i extending even to 90◦
be expected to be discovered? The transport capacity of the
sweeping 2:3 NMMR for the high-inclination population will
provide further information on this question, as we will con-
sider in the next section.
In Fig. 5 we plotted the separatrices of the 2:3 NMMR
(Aσ = 180
◦, dashed lines) and the contour curves of Aσ =
120◦ (full lines). It is suggested by Levison & Stern (1995)
that for Plutinos the orbits with Aσ > 120
◦ are typically
unstable over 4× 109 yr. Overall, we can see that the over-
whelming majority of stable resonant members generated
in our simulations lie well inside the region of Aσ < 120
◦.
Thus this criterion based on Aσ can roughly be used to
judge the long-term stability of all orbits with i 6 90◦ in
the 2:3 NMMR. It is important to notice that the critical
value Aσ ∼ 120◦ is larger than the prescribed lower limit of
Aσ for any i, so the existence of stable motion is permitted.
Moreover, on closer inspection of Fig. 5, there are still some
complex dynamical structures in the neighborhood of the
resonance center at ∼ 39.4 AU (i.e., the location of nominal
2:3 NMMR), which is not generally simply covered by the
simulated long-lived Plutinos as in the case of i = 10◦.
For the case of small e (∼ 0.05), the central stable bands
of the 2:3 NMMR extend to i = 90◦ (Fig. 5a). Out of these
narrow stable regions near the resonance center, the stable
and unstable regions interlace with one another. This is prin-
cipally due to the appearance of the Kozai mechanism. Be-
sides the effect of perihelion protection against Neptune, the
Kozai mechanism may also bring strong orbital instability
via transferring i to e. We carefully examined the unstable
orbits inside the 2:3 NMMR for e = 0.05, and confirmed that
most of them underwent the temporary libration of ω. Such
kind of instability might emerge for e under a certain limit
∼ 0.1. Actually, as shown in Fig. 1, none of observed Pluti-
nos experiences the Kozai mechanism in the region e < 0.1.
Apart from the instability associated with the Kozai
mechanism for the case of small e, we discover that the ν8
secular resonance could also contribute to the increase in e
for Plutinos with i as large as 70◦, leading to close encounters
with planets. However, the ν8 secular resonance turns out
to be a rare occurrence, and only provides a few escaping
routes in our simulations. Frequently, the ν8 secular reso-
nance is responsible for the slow-diffusing orbits by acting
together with the Kozai mechanism. While the ν18 secular
resonance is limited to i < 10◦ (Morbidelli et al. 1995), it has
no influence on the stability of our highly inclined samples
in the 2:3 NMMR.
For the case of moderate to large e (∼ 0.15 − 0.3), the
stable regions inside the 2:3 NMMR exhibit different cover-
age with the change of i (Fig. 5b, c):
Figure 6. Example of the escape of a high-inclination test par-
ticle from the central region of the 2:3 NMMR due to the Kozai
mechanism. This particle with initial a = 39.4 AU came from the
case of e = 0.3 at i = 70◦ (see Fig. 5c). At about 4.1× 107 yr, e
starts to increase significantly as the slow variation of ω around
90◦ is evinced (upper panel). The corresponding decreases in per-
ihelion distance q and i are plotted in the middle panel. Around
4.5 × 107 yr, the 2:3 NMMR is broken (lower panel), and then
the particle is scattered away by Neptune.
(1) When i is below a certain limit i1, a wide neigh-
borhood of the resonance center is almost covered by the
long-lived orbits. Thus the principal part of the stable re-
gion can be simply scaled by a specific value of Aσ. Based
on our detailed investigation, we propose that the certain
inclination i1 shifts to larger value with increasing e. For
Plutinos with i < i1 in our simulations, once trapped into
the Kozai mechanism, they would be under the long-lasting
ω-libration phase and remain stable until the end of the in-
tegration.
(2) For orbits with i1 < i < i2 (i2 is another certain
limit), the most distinguishable feature is the instability
across the resonance center. We examined the evolution of
Plutinos in this i-range and found that the status of the
Kozai mechanism is mainly temporary, resulting in the de-
struction of the high-inclination population rather than the
protection, similar to the case of small e. Here, the upper
limit i2 also increases with larger e.
Fig. 5c shows a typical dynamical structure at i = 70◦.
Most test particles in the central region of the 2:3 NMMR
evolve into the Kozai mechanism with slow variation of ω in
less than 1 Gyr, and have their e pumped up to Uranus-
crossing values. Then they would suffer strong perturba-
tions from close encounters with Neptune or Uranus, and
be cleared away from the Kuiper belt. A example started
at a = 39.4 AU of this process is given in Fig. 6. Besides, in
Fig. 5c we note that there are a handful of objects that could
remain in the 2:3 NMMR on timescales of 2− 3 Gyr, while
the similar e-excitation and elimination event will also oc-
cur. Although the stability near the resonance center is gone,
some Plutinos located at Aσ > 95
◦ could still survive after
4 Gyr evolution, residing in several narrow (gray) regions.
It is worth mentioning that there exist intermediate
zones near i1 and i2, where the Kozai mechanism has two
faces. For instance, at i = 30◦ (∼ i1) and e = 0.15 (Fig. 5b),
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a part of ω-librators comprise the Plutinos that are stable
for the length of our integration; while some objects evade
the libration of ω and then become unstable. And the simi-
lar examples can also be found for orbits with i = 80◦ (∼ i2)
and e = 0.3.
An unstable gap throughout the entire 2:3 resonant re-
gion at i = 60◦ for e = 0.3 can be seen in Fig. 5c, but it is
not a concern in this paper. Our interest is in offering the
possibility of the existence of high-inclination Plutinos, and
the stable ones with i = 60◦ have been confirmed at other e
values (0.05 and 0.15). The same consideration also applies
for other similar unstable regions at i = 70◦ for e = 0.3 and
i = 40◦ and 50◦ for e = 0.15.
(3) At i2 < i 6 90◦, Plutinos can hardly experience
the (temporary) Kozai mechanism. Once again, the center
of the 2:3 NMMR is surrounded by stable orbits, which are
constrained only by Aσ.
Here we refer i1 and i2 to initial inclinations of test par-
ticles, thus it is straightforward to qualitatively portray the
general trend toward stability for high-inclination Plutinos.
Based on the former results, given ∆i = 10◦, their tenta-
tive values are estimated to be i1 ∼ 30◦ and i2 ∼ 50◦ for
e = 0.15; i1 ∼ 60◦ and i2 ∼ 80◦ for e = 0.3. These two lim-
its are only certain for a specific initial e, and a great deal
of computing is needed to determine the more precise i1(e)
and i2(e) using a much higher i-resolution in the future.
For a quick reference, in panels (b) and (c) of Fig. 5, we
superimposed the positions of the observed Plutinos (dots)
with e = 0.15±0.015 and e = 0.3±0.015, respectively. These
objects are selected according to their e-values from Fig. 1
with i > 10◦. We can see that most of them are embedded in
or very close to the long-term stable (grey) regions. However,
there are a few observed Plutinos lying in the very unstable
(red) area, but actually they are moving on stable orbits.
This inconsistency could stem from the fact that their in-
stantaneous angular variables cannot fully satisfy the initial
conditions σ = 180◦, ω = 90◦ and Ω = ΩP of test parti-
cles used in our stability calculations. It should be remarked
that, there is no Plutinos plotted in Fig. 5a due to the lack
of the observation data for orbits with e 6 0.066 and i > 10◦
(see Fig. 1).
4 RESONANT CAPTURE AND ORBITAL
EVOLUTION
As shown above, the inclinations of potential Plutinos could
be as high as 90◦. Then it is of great significance to investi-
gate whether primordially inclined planetesimals originated
from a smaller heliocentric distance could be captured into
the 2:3 NMMR and transported outwards to a ≈ 39.4 AU
during Neptune’s migration. Up to now, a number of works
have been done to study the probability of resonant capture
and retention as a function of the initial a and e of test par-
ticles, or the migration speed of Neptune, and so on (Melita
& Brunini 2000; Friedland 2001; Chiang & Jordan 2002). In
this section we would explore the unknown role of particle’s
initial i.
4.1 The migration model
The radial migration scenario of Jovian planets is described
by a simple time variation of their semimajor axes (Malhotra
1995)
ap(t) = a
(f)
p −∆a exp(−t/τ), (6)
where a
(f)
p is each planet’s current semimajor axis, ap(t) is
the value at epoch t, and τ is the migration timescale. The
amplitudes ∆ap of the migration are adopted to be−0.2, 0.8,
3.0 and 7.0 AU for Jupiter, Saturn, Uranus and Neptune,
respectively. The smooth migration could be mimicked by
adding an artificial force on each planet along the direction
of the orbital velocity νˆ, as
∆r¨ =
νˆ
τ
{√
GM
a
(i)
p
−
√
GM
a
(f)
p
}
exp
(
− t
τ
)
, (7)
where a
(i)
p = a
(f)
p −∆ap is the initial semimajor axis of the
planet at t = 0, and M is the mass of the Sun.
In order to highlight the effects of i on the formation
of Plutinos within the planet migration model, we try to
diminish the influence of the following factors. Firstly, we
consider the dependence of resonant capture on the migra-
tion speed. From equation (6) we can estimate the rate of
the change of Neptune’s semimajor axis aN as
a˙N =
7 AU
τ
· exp(−t/τ) 6 7 AU
τ
. (8)
According to the adiabatic invariant theory, to permit plan-
etesimals to be captured into the 2:3 NMMR, the value of
a˙N should be smaller than ∼ 10−5 AU/yr for initial eccen-
tricities of 0.05−0.3 (Melita & Brunini 2000). Namely, from
equation (8), the migration timescale τ is demanded to be
at least on the order of 106 yr. With this in mind, we choose
an order of magnitude larger τ = 2 × 107 yr. This value is
derived from the orbital evolution of Jovian planets embed-
ded in a self-gravitating planetesimal disk in our previous
work (Li et al. 2011).
Secondly, we would like to rule out the a-dependence.
In numerical simulations we put all test particles initially
at a = 33 AU, where exterior to the initial 2:3 NMMR cen-
tered at ∼ 30.4 AU and interior to the initial 1:2 NMMR at
∼ 36.8 AU. In this way test particles can avoid the dynami-
cal stirring from the sweeping 1:2 NMMR ahead; thereafter
they would stay on approximately original orbits and await
the forthcoming 2:3 NMMR. Besides, the strong ν8 secu-
lar resonance initially at 29.9 AU (Li et al. 2008) could also
be avoided. It is reasonable to assume that the planetesi-
mal disk was truncated around 35 AU (Gomes et al. 2004;
Li et al. 2011). As the 2:3 NMMR sweeps from about 30.4
to 35 AU, its migration speed varies slightly and is always
slow enough to be adiabatic. Consequently, the planetesi-
mals throughout this region likely face the similar fate as
the ones located at 33 AU. We think that our equal-a simu-
lations may provide important insights into the orbital evo-
lution of inclined Plutinos.
Thirdly, with regard to the e-dependence, the proba-
bility of resonant capture has been given by Dermott el
al. (1988). If a planetesimal encounters the 2:3 NMMR
having e smaller than a critical value ecrit ∼ 0.052 (for
a˙N < 2.9× 10−5 AU/yr), then the adiabatic resonant trap-
ping is certain. In consideration of e fluctuations created by
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Table 1. The statistics of captured Plutinos for initial inclinations from 10◦ to 90◦ within the planet
migration model (see Section 4.2 for detailed descriptions of the symbols).
i0(◦) R2:3(%) K90(%) K270(%) e i(◦) MinAσ(◦) N7:11
10 58.5 24.8 30.0 0.12-0.29 3-15 13 –
Population I
20 53.5 29.0 25.2 0.06-0.27 14-24 16 2 (1%)
30 23.5 38.3 19.1 0.06-0.35 25-32 29 5 (2.5%)
40 10.5 42.9 28.6 0.18-0.22 34-40 36 3 (1.5%)
50 9.5 5.3 15.8 0.16-0.26 45-49 48 –
Population II
60 16 0 0 0.19-0.30 57-59 41 –
70 17.5 0 0 0.21-0.32 67-68 38 –
80 31 0 0 0.20-0.38 76-77 30 –
90 31 0 0 0.19-0.35 86-87 28 –
solar and planetary perturbations, the initial e is taken to
be 0.01, ensuring test particles to approach the 2:3 NMMR
with e < ecrit.
On the basis of above arguments, we performed a series
of runs in which the initial inclination i0 is treated as the
only adjustable parameter. For each value of i0 between 10
◦
and 90◦ (∆i0 = 10◦) in a run, 200 test particles with the
same a (33 AU) and e (0.01) are introduced. The other three
angles Ω, $ and λ of an orbit are randomly sampled in the
range 0–2pi. The duration of the integration spans 5τ = 108
yr; at this time, the four planets have reached their cur-
rent configurations. In the orbital calculations that include
planetary migration here, we also adopt the swift rmvs3 in-
tegrator with a time step of 0.5 year as in Section 3.
4.2 Capture into the 2:3 NMMR
Gomes (1997) indicated that the expression
K =
√
a
(√
1− e2 cos i− q/p
)
(9)
is almost constant after the planetesimal has been trapped
into the q : p mean motion resonance. This can be deduced
explicitly from the disturbing function or the Jacobi con-
stant in the restricted three-body problem. Thus if the plan-
etesimal falls into the 2:3 NMMR from the nearly-circular
and coplanar orbit, and is subsequently pushed outwards by
this resonance during Neptune’s migration, its e and i would
obey the relation√
1− e2 cos i =
(
2 +
√
a
(i)
N /a
(f)
N
)
/3, (10)
where a
(i)
N is the semimajor axis of Neptune at the moment
of resonant capture, and a
(f)
N is the final value about 30 AU.
By looking at equation (10), if i increases from 0◦ to 30◦
during the phase of resonance lock, Neptune has to begin its
journey interior to 10.7 AU. This seems quite doubtful in the
prevalent understanding of the Solar system formation. As
a matter of fact, Gomes (2000) showed that a Plutino with
modestly high inclination (i > 15◦) cannot be produced by
the combination of the 2:3 NMMR, the Kozai mechanism
and the ν18 secular resonance. This suggests that the pri-
mordial planetesimal disk was dynamically excited before
resonance sweeping, thus the initial conditions of high i0
that we adopted is reasonable.
A wealth of information on the 2:3 NMMR sweeping of
the pre-inclined planetesimals is given in Table 1. The first
column (i0) indicates the initial inclinations of test particles;
and these values would barely change until the 2:3 NMMR
arrives. For each i0, 200 test particles with the same initial
a and e but different angular variables were used to derive
the data presented here. The second column (R2:3) is the
probability of capture into the 2:3 NMMR, only regarding
objects with Aσ < 120
◦. According to our results in Section
3, these resonant objects (hereafter “captured Plutinos” )
are likely to survive over the age of the Solar system, thus
they are only of concern to our study. It is possible that some
fraction of captured Plutinos may lose stability in the subse-
quent long-term evolution, virtually that is a rare case in one
extended integration up to 4× 109 yr. The third and fourth
columns record, among captured Plutinos, the fractions of
objects experiencing the Kozai mechanism with ω librating
around 90◦ (K90) and 270◦ (K270). The next three columns
give the ranges of final e and i, and the minimum resonant
amplitude MinAσ. The last column gives the number of cap-
tured Plutinos who underwent a long enough period of the
temporary 7:11 inclination-type NMMR4 ahead and have
resultant small e (< 0.1); and for convenience the fraction
of these objects out of our initial sample of 200 objects at
each i0 is also indicated in parentheses.
For population I (i0 6 40◦) with inclinations in the
range of the observed values (see Fig. 1), the capture ef-
ficiency R2:3 fails from 58.5% for i0 = 10
◦, to 10.5% for
i0 = 40
◦. This seems to be compatible with the unbiased
inclination distribution of the Kuiper belt determined by
Brown (2001). He found that there is a tendency to have
fewer Plutinos concentrated at increasing inclinations for
10◦ 6 i 6 40◦. It should be noted that R2:3 merely reflects,
regardless of other dynamical processes, the influence of i
on the capture and retainment of the sweeping 2:3 NMMR.
While the intrinsic capture efficiency is also affected by the
overlap of NMMRs when Neptune’s eccentricity was large
(Levison et al. 2008), the scattering encounters with Jovian
planets or massive planetesimals, the competition of the 1:2
NMMR, etc. However, these factors are beyond the scope of
our paper and will not be discussed here.
4 The critical argument of the 7:11 inclination-type NMMR is
7λN − 11λ+ 4Ω, and the associated term in the expansion of the
disturbing function is of order i4.
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After capture into the 2:3 NMMR, a subset of popu-
lation I is trapped into the temporary Kozai mechanism.
The e-i oscillation may cause an irreversible i increase if the
coupled large changes in e and i are broken before one com-
plete Kozai cycle is accomplished. Our results show that the
magnitude of i-excitation is limited to less than 5◦ at the
end of the integration. This is very important since it could
constrain any mechanism of the origin of high-inclination
Plutinos, providing the requisite pre-heating in i. Opposite
to the variation of i, e suffers damping due to the Kozai
effect, but could hardly attain value below 0.1.
From the evolution of population II (i0 > 50◦), we find
that R2:3 increases from a minimum 9.5% for i0 = 50
◦, to
31% for i0 = 80
◦ and 90◦. In contrast with the case of pop-
ulation I, the turnover in R2:3 at larger i0 is unexpected.
One immediate conjecture is that, the variation of R2:3 may
have some potential link to MinAσ (see Table 1), which de-
creases with increasing i0 for captured Plutinos from popula-
tion II. Naturally, with more inclined orbits, certain objects
possessing relatively smaller Aσ could be appended to the
2:3 NMMR zone. Similarly, this hypothesis can also be ac-
counted for the variation of R2:3 for population I, as MinAσ
increases with i0. For the inclination up to 30
◦, the same cor-
relation between i and MinAσ has already been predicted in
Wiegert et al. (2003) and Lykawka & Mukai (2007).
Of captured Plutinos from population II in our simula-
tions, all have their i decreased by a few degrees. Because
these particles are subject to conservative forces, theirK val-
ues are fixed during the orbital evolution in resonance lock.
By making the derivative of equation (9), the time variation
of i can be written as
di
dt
=
(
L
2a
a˙− e cos i√
1− e2 e˙
)
/
(√
1− e2 sin i
)
, (11)
where L =
(√
1− e2 cos i− 2/3). Since both a and e are
driven up by the migrating 2:3 NMMR, we have a˙, e˙ > 0.
This implies that the direction of the change of i is deter-
mined by the sign of L according to equation (11). For a
planetesimal having cos i < 2/3 (i.e., i & 48◦), L is always
negative, thus its i must decrease, as in the case of pop-
ulation II. At this point we want to emphasize that, such
decrease in i from the very beginning of the 2:3 NMMR
trapping is not the Kozai effect, and it continues until the
end of the migration.
It is of great interest that, we observe in the simu-
lations some captured Plutinos moving on nearly-circular
orbits with e < 0.1. As we discussed above, the Kozai
mechanism alone seems unable to bring Plutinos to such
a low-e mode. A careful checking on the possible dynam-
ical mechanisms shows that the major factor is the 7:11
inclination-type NMMR. A typical example has been shown
in Fig. 7. At about 3 Myr after the start of the integra-
tion, the planetesimal is captured into the 7:11 inclination-
type NMMR, as diagnosed by the libration of the criti-
cal argument σ7:11 = 7λN − 11λ + 4Ω (second panel from
the top). This resonance can only involve the inclinations
of trapped objects but not the eccentricities. Thus a low-e
state (e < 0.04) has achieved during the planetesimal’s out-
ward migration, while i flips from 20◦ to ∼ 24◦. The 7:11
inclination-type NMMR maintains up to around 2.8 × 107
yr, and then the planetesimal diffuses out of this resonance
near 38.5 AU. In the subsequent evolution, the planetesimal
Figure 7. An example of the creation of a low-eccentricity
Plutino that starts from an inclined orbit (i0 = 20◦). The four
panels down from the top show the time evolution of semimajor
axis (a), the 7:11 resonant argument (σ7:11 = 7λN−11λ+4Ω) to-
gether with the 2:3 resonant argument (σ2:3 = σ = 2λN−3λ+$),
the eccentricity e and the inclination i. The planetesimal is first
pushed outwards by the 7:11 inclination-type NMMR, and ex-
hibits small eccentricity oscillations during the migration. Near
the location around 38.5 AU, the planetesimal is released from the
7:11 NMMR and then recaptured by the following 2:3 NMMR.
stays there until the following 2:3 NMMR picks it up around
4 × 107 yr, and it finally reaches a Plutino-type orbit near
39.4 AU. Despite somewhat excitation by the migrating 2:3
NMMR, the planetesimal’s mean eccentricity still undergoes
low value episode below 0.1 and ends at roughly 0.055.
The above two-step capture process is very suggestive
of the creation of low-eccentricity, high-inclination Plutinos,
and the number of such objects (N7:11) at different i0 has
been given in the last column of Table 1. As for the captured
Plutinos with e < 0.1 generated in our model, all of these ob-
jects have experienced the 7:11 NMMR dynamics. However,
the resonant capture by the sweeping 7:11 inclination-type
NMMR is possible only for highly inclined planetesimals, be-
cause the resonance’s strength is proportional to sin4(i/2)
according to the disturbing function (Murray & Dermott
1999). Consequently, no trapping into this high-order reso-
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nance could occur for planetesimals having relatively small
i (e.g., the case of i0 = 10
◦). In order to better define a
threshold of the inclination for triggering this resonance, we
have conducted additional runs with i0 < 20
◦, under a much
higher resolution of ∆i0 = 1
◦. We placed 1000 test particles
at each i0, and evolved the system using the same numer-
ical procedures. The outcome yields that when i0 > 15◦,
the 7:11 inclination-type NMMR appears, and the particu-
lar Plutinos with e < 0.1 can be generated at the level of
∼ 1% − 4% out of a sample of 1000 at different i0. This
range of a few percent is consistent with the obtained values
in Table 1, i.e., 1%, 2.5% and 1.5% for i0 = 20
◦, 30◦ and
40◦, respectively.
We further note that for population II, none of cap-
tured Plutinos has small final e. Although the first step of
the resonant capture by the 7:11 inclination-type NMMR
could take place, the duration of this event is too short. The
planetesimals would be released from the 7:11 inclination-
type NMMR not far away from their original locations, and
then recaptured by the 2:3 NMMR, in which longer radial
shift results in larger e.
4.3 Kozai mechanism
For most of captured Plutinos coming from our simulations,
their ω librate when they are close to the inner branch of
the separatrices of the 2:3 NMMR. This phenomenon can
be accounted for their high i. Indeed, Wan & Huang (2007)
pointed out that, if an object is inside the 2:3 NMMR under
the present orbital configuration of Neptune, the minimum
inclination required for the appearance of the Kozai mecha-
nism is just about 10◦. In our model the critical inclination
should be even smaller as Neptune starts closer to the Sun.
However, since the near-separatrix motion is chaotic, the
occurrence of the Kozai mechanism at the very early stage
of the migration is transient and can only last over several
Kozai cycle periods.
As the orbital migration of test particles locked in the
2:3 NMMR continues, a number of them find their way back
to the Kozai mechanism. Recorded in Table 1, a subset of
captured Plutinos keep on the Kozai mechanism until the
end of the integration. The libration center ω0 groups about
two values: 90◦ and 270◦. While no captured Plutinos are
found to survive with ω librating around 0◦ or 180◦, which
are unstable equilibrium points as shown in the theoretical
analysis by Wan & Huang (2007).
Of captured Plutinos from population I, the probabil-
ity of trapping into the Kozai mechanism in a stable state
is significant. Considering the number of captured Plutinos
at different i0, a weighted fraction of these ω-librators is es-
timated to be ∼ 56%, which is about three times of that of
observed samples. Although the fraction of Plutinos expe-
riencing the Kozai dynamics is biased in the observations,
Gladman et al. (2012) discuss this bias in detail and point
out that the intrinsic up limit should be less than 33%. In
fact, we neglect some physical factors in our model, e.g., the
stochastic effects in the planet migration (Zhou et al. 2002),
the collisions among Plutinos in the primordial evolution
(Kenyon et al. 2008), etc., all of which would reduce the
capture of planetesimals as Plutinos in general and might be
possible to affect the fraction of Kozai Plutinos. Anyway, we
have confirmed that the Kozai mechanism associated with
Figure 8. Three typical scenarios for the time evolution of the
argument of perihelion (ω) for captured Plutinos associated with
the Kozai mechanism. (a) Stable libration of ω around 90◦ or
270◦, with amplitudes smaller than 90◦. (b) Transformation of the
ω-libration center from 0◦ or 180◦ (unstable equilibrium points)
to 90◦ or 270◦. (c) Frequent alternation between oscillations of ω
at 90◦ and 270◦. The black and red curves in panels (a) and (b)
refer to two distinct objects, respectively.
the sweeping 2:3 NMMR is efficient for planetesimals with i0
up to 40◦. Moreover, as stated below, the capture of Pluti-
nos into Kozai orbits would be only ∼ 21% for i0 = 50◦;
even so, this is also a significant fraction.
Fig. 8 displays three scenarios for the evolution of ω-
librators in the 2:3 NMMR, by taking the case of i0 = 20
◦
for illustration: (1) they exhibit typical motion for the Kozai
mechanism around ω0 = 90
◦ or 270◦, with amplitudes
∆ω < 90◦ until the end of the integration (Fig. 8a); (2) they
may originally experience the Kozai mechanism around the
unstable equilibrium points 0◦ or 180◦ for about 1− 2 Myr,
and finally their ω0 switch to the stable ones at 90
◦ or 270◦
(Fig. 8b); (3) the libration center ω0 varies from time to time
about 90◦ and 270◦, thus ∆ω would reach 360◦ during the
evolution (Fig. 8c). Based on the last scenario, the circula-
tion of ω cannot be simply judged by the 360 degrees differ-
ence of its maximum and minimum values, and we should
be very careful to extract the possible orbits affected by the
Kozai dynamics.
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Given the results in Table 1, we can see an asymmetry
in the distribution of the libration center ω0 associated with
the Kozai mechanism: Plutinos are more likely to have their
ω librating around 90◦ than around 270◦. However, the dif-
ference in the number is at the level of . 150% and it is
not too pronounced. Furthermore, the alternation between
oscillations of ω at 90◦ and 270◦ is frequent for Plutinos ex-
periencing the Kozai mechanism. An example of such event
has been shown in Fig. 8c, where ω0 switches to 270
◦ at the
end of the integration. Actually, this small and time-evolving
asymmetry in the ω0-distribution can also be detected in ob-
served Plutinos, so any constraint on the migration of Nep-
tune may not be provided here. A large enough size of sam-
ples should be explored later to draw definite conclusions of
this asymmetry.
As for population II, the capture efficiency of the Kozai
mechanism shows a sharp drop to about 21% at i0 = 50
◦,
and becomes zero at i0 > 60◦. We find that this is fated
to happen. If the trapping into the Kozai mechanism took
place, e and i of the particle would start to suffer large op-
posite oscillations. In every oscillating cycle of ω, i would
undergo large increase phase on the timescale of million
years, which is in conflict with the fact that a particle with
i & 48◦ locked in the outward-migrating 2:3 NMMR must
have its i decreased all the time according to equation (11).
Thus the coupling of the 2:3 NMMR and the Kozai mech-
anism is unlikely to maintain for population II. Unless for
a few lucky captured Plutinos with i0 = 50
◦, once their i
decrease to below 48◦ forced by the sweeping 2:3 NMMR,
they have opportunities to encounter the Kozai mechanism.
Here we would like to stress that, the above argument does
not exclude a temporary libration of ω near the separatrix of
the 2:3 NMMR (e.g., at the beginning of the resonance en-
counter mentioned previously), where the motion is chaotic.
A comment on the validity of equation (11) for the ces-
sation of the Kozai mechanism must be made here. As shown
in Gomes (1997), an equivalent form of equation (11) can be
derived using the explicit disturbing function, which consid-
ers angels
σi = qiλN − piλ+ ki$ + liΩ, (12)
where qi/pi = q/p = 2/3 and qi, pi, ki, li are integers. If an
object is experiencing both the 2:3 NMMR and the Kozai
mechanism, the associated critical arguments can be ex-
pressed as (Wan & Huang 2007)
θ = j1σ + j2ω = 2j1λN − 3j1λ+ (j1 + j2)$ − j2Ω, (13)
where j1, j2 are integers and j1 > 1, j2 > 2. It is quite
obvious that θ ∈ {σi}, and therefore, equation (11) does
include the dynamics of the Kozai mechanism inside the
2:3 NMMR. So the above result is valid for explaining the
absence of Kozai Plutinos with i & 48◦.
5 CONCLUSIONS AND DISCUSSION
In recent years, a few KBOs on extremely inclined orbits
(i > 40◦) have been discovered. Thus it is of great interest to
build up a picture of the possible high-inclination population
throughout the Kuiper belt. In this paper, we present the
results of the study of the dynamics of Plutinos with i up to
90◦.
By making use of a semi-analytical model based on the
simplified disturbing function, we first investigated the par-
ticular features of the 2:3 NMMR for inclined orbits. We
have defined the special libration center (SLC) of the res-
onant angle σ at the minimum of the averaged disturb-
ing function R(σ). Unlike low-inclination Plutinos, for high-
inclination ones their SLCs are no longer fixed but strongly
dependent on ω (Gallardo 2006b). Nevertheless, there is a
general libration center (GLC) σ0 at 180
◦, which is achieved
over the timescale several times longer than a single libration
period. The maximum excursion of σ from σ0 measures the
resonant amplitudeAσ. We have shown that high-inclination
Plutinos always possess substantial Aσ due to the variation
of the SLCs, thus they would never settle at the exact 2:3
NMMR (i.e., Aσ = 0
◦). The resonant amplitude’s lower limit
∆σmin increases with i, and achieves the value about 75
◦
when i ∼ 80− 90◦.
Under the perturbations of four Jovian planets, the or-
bits of thousands of test particle Plutinos with high inclina-
tions (10◦ 6 i 6 90◦) were integrated for times up to the age
of the Solar system. We find that the inclinations of stable
orbits inside the 2:3 NMMR could be as high as 90◦. In the
dynamical map on the initial (a, i) plane, the stable regions
are mainly delimited by the resonant amplitude Aσ less than
about 120◦, and this critical value is always larger than the
prescribed lower limits ∆σmin.
We also notice some complex dynamical structures in
the 2:3 NMMR. For the case of small e, outside the narrow
stable bands extending to i = 90◦ near the resonance center
at ∼ 39.4 AU, the stable and unstable regions interlace with
one another. This is caused by the appearance of the Kozai
mechanism, which generally has a destabilizing effect on the
high-inclination Plutinos with e . 0.1. While for the case
of moderate to large e, when i1 < i < i2, the instability
occupies the resonance center due to the temporary state of
the Kozai mechanism, but a few resonant orbits with rela-
tively large Aσ could still be stable over 4 Gyr; when i < i1
or i > i2, a wide neighborhood of the resonance center is
almost surrounded by stable orbits. The two limits i1 and i2
are only certain for a specific e, and both shift to larger val-
ues with increasing e. Based on our results (see Fig. 5), their
tentative values are suggested to be i1 ∼ 30◦ and i2 ∼ 50◦
for e = 0.15; i1 ∼ 60◦ and i2 ∼ 80◦ for e = 0.3. These quan-
tities represent boundaries that divide stable and unstable
regions within the 2:3 NMMR.
With respect to the mechanism of the 2:3 NMMR
sweeping and capture during Neptune’s migration, further
simulations have been undertaken to investigate the possi-
bility of the outward transportation of planetesimals on in-
clined orbits. In our model, Neptune started at 23 AU with
a migration timescale τ = 2 × 107 yr, and all test particles
were initially at 33 AU. The results show that the resonant
capture and retainment is allowed for any initial inclination
10◦ 6 i0 6 90◦. And of surviving objects in the 2:3 NMMR
at the end of the migration, we define captured Plutinos as
ones moving on resonant orbits with Aσ < 120
◦ according
to the above stability analysis.
As for captured Plutinos obtained in our simulations,
they may be classified into two groups: population I with
i0 6 40◦ and population II with i0 > 50◦. Our principal
findings to these two populations can be generalized as fol-
lows:
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(1) Population I has the inclination within the range
of the observed values for Plutinos. Referred to our migra-
tion model, the capture efficiency R2:3 of the sweeping 2:3
NMMR decays from ∼ 60% for i0 = 10◦, to ∼ 10% for
i0 = 40
◦. For captured Plutinos with high i0 here, the mag-
nitude of i-excitation is less than 5◦ during planetary migra-
tion, indicating the existence of a stirred-up transneptunian
disk prior to resonance sweeping. Most importantly, some
captured Plutinos are found to move on nearly-circular or-
bits with final e < 0.1. We find that all of these objects
are first captured into the 7:11 inclination-type NMMR. As
they migrate outwards locked in this resonance, their e al-
ways remain at . 0.04, oscillating but undergoing no net
growth. When these planetesimals approach the location
near 39.4 AU, they are released from the 7:11 inclination-
type NMMR in the low-e mode, and then picked up by
the following 2:3 NMMR. Despite somewhat excitation in
the subsequent evolution, their e would end at < 0.1. This
mechanism for the creation of nearly-circular Plutinos re-
quires i0 > 15◦.
Among the captured Plutinos from population I, we
obtained a total of 10 objects with e < 0.1 and i > 10◦.
However, there are only 5 real Plutinos resided in the same
subgroup. As a matter of fact, the intrinsic number of such
low-e and high-i Plutinos may differ significantly in an un-
biased distribution (i.e., bias favors discovery of high-e and
low-i objects). Based on the model by Gladman et al. (2012)
from the Canada-France Ecliptic Plane Survey (CFEPS),
the population of Plutinos with e < 0.1 is estimated to be
about 490 (diameter > 100 km). Since none of the charac-
terized CFEPS Plutinos with e < 0.1 has inclination smaller
than 10◦, the intrinsic number of low-e and high-i ones would
be on the order of several hundred and they should draw
more attention. Here, we just intend to propose a new mech-
anism that may generate the low-e, high-i Plutinos, while
the intrinsic fraction of Plutinos in this particular group re-
mains to be determined by performing more detailed mod-
eling.
(2) With regard to population II, contrary to what one
might expect, the capture efficiency R2:3 turns to increase
with the inclination, from 9.5% for i0 = 50
◦ to 31% for
i0 = 80
◦ and 90◦. The considerable value of R2:3 implies that
a much wider i-distribution of Plutinos is theoretically pos-
sible. Another interesting point with the captured Plutinos
from population II is that, all of them have their i decreased
by several degrees. We find that such i-damping is certain
to occur for any planetesimal with i & 48◦ caught into the
outward sweeping 2:3 NMMR. An important production of
this mechanism is to prohibit the trapping of population II
into the coupled 2:3 NMMR and Kozai mechanism, since
an inclination increase induced by the latter would not be
allowed.
In order to highlight the effects of the high-inclination
on the push-out mechanism, we rule out the a-dependence in
our model, namely setting initial semimajor axis a0 = 33 AU
for all test particles. In this way the influence of the strong
1:2 NMMR and ν8 secular resonance could be avoided. How-
ever, a discussion of different a0 in the primordial disk is cer-
tainly due. Since the migration of Neptune is modeled with
exponential behavior, the speed of the 2:3 NMMR sweep-
ing will decay in the same way when moving from its initial
location until reaching ∼ 39.4 AU. As we know, in the stan-
dard framework of the resonant capture mechanism during
planetary migration, the capture probability of objects into
a NMMR depends on the sweeping rate of the resonance.
The slower this rate, the higher the capture probability and
at the same time the smaller the minimum eccentricity nec-
essary for capture. To assess the role of a0 in the capture and
evolution of high-inclination Plutinos, we have made two ad-
ditional runs with a0 of 31 AU and 35 AU. Combining with
the case of a0 = 33 AU we find that the capture probabil-
ity R2:3 does undergo some degree of change since the 2:3
NMMR sweeps distinct a0 at different rates. In spite of this
fact, for each particular a0, the decreasing (increasing) trend
of R2:3 with the increasing i0 for population I (II) is still the
same as in Table 1; and our other main results reported in
Section 4 are hardly affected. It can be expected that, even
if a full disk at 30−35 AU is considered on further examina-
tion, the remarkable influences of the initial high inclination
obtained from a single a0=33 AU are intrinsic.
In the model tested here for a0 = 33 AU, although we
managed to avoid the dynamical influence of the impor-
tant first-order 1:2 NMMR, the same cannot be done about
the second-order resonances, i.e., the 3:5 NMMR initial at
∼ 32.3 AU. At the end of our 108 yr migration simulations,
only two of all survived test particles are detected in the 3:5
NMMR. Both of them are from the case of i0 = 10
◦, while
none of more inclined particles are captured. This suggests
that the 3:5 NMMR has a considerably low capture proba-
bility for bodies with high inclinations, and plays little role
in sweeping the 33 AU location. However, it is quite possible
that other higher order NMMRs (or even other types of res-
onances), in addition to the inclination-type 7:11 NMMR,
may be important if the full disk is used in the modeling.
With regard to the effect of initial eccentricity e0 on
the adiabatic resonance capture into the 2:3 NMMR, we
performed one extra run with e0 = 0.05 for a0 = 33 AU. As
suspected, even the capture probability R2:3 drops off for
larger e0, the major conclusions about the i0-dependence of
Plutinos that we have found can also be obtained.
In the future work, we are giving a throughout analysis
to the high-inclination Twotinos in the 1:2 NMMR, where
the resonance structure is much different.
ACKNOWLEDGMENTS
This work was supported by the Natural Science Foundation
of China (NSFC, Nos. 11003008, 11178006, 11333002), 985
project of Nanjing University and Advanced Discipline Con-
struction Project of Jiangsu Province. LYZ is grateful for the
financial support of NSFC under grant No. 11073012 and
the National ‘973’ Project (No. 2013CB834900). SYS has to
acknowledge grant provided by the NSFC (No. 11078001)
and the National ‘973’ Project (No. 2013CB834103). We are
grateful to Tabare´ Gallardo for supplying numerical tools
for calculating the averaged disturbing function R(σ). The
authors would also like to express their thanks to the anony-
mous referee for greatly valuable comments.
c© 0000 RAS, MNRAS 000, 000–000
A study of the high-inclination population in the Kuiper belt – I. The Plutinos 13
REFERENCES
Allen R. L., Gladman B., Kavelaars J. J., Petit J.-M.,
Parker J. W., Nicholson P., 2006, ApJ, 640, L83
Brown M. E., 2001, AJ, 121, 2804
Brown M. E., Trujillo C. A., Rabinowitz D. L., 2005, ApJ,
635, L97
Chiang E. I., Jordan A. B., 2002, AJ, 124, 3430
Chiang E., Lithwick Y., Murray-Clay R., Buie M., Grundy
W., Holman M., 2007, in Reipurth B., Jewitt D., Keil K.,
eds, Protostars and Planets V., Univ. of Arizona Press,
Tuscon, p. 895
Cohen C. J., Hubbard E. C., 1965, AJ, 70, 10
Dermott S. F., Malhotra R., Murray C. D., 1988, Icarus,
76, 295
Duncan M. J., Levison H. F., Budd S. M., 1995, AJ, 110,
3073
Elliot J. L. et al., 2005, AJ, 129, 1117
Friedland L., 2001, ApJ, 547, L75
Gallardo T., 2006a, Icarus, 181, 205
Gallardo T., 2006b, Icarus, 184, 217
Gladman B., 2005, Science, 307, 71
Gladman B., Kavelaars J., Petit J.-M., Ashby M. L. N.,
Parker J., Coffey J., Jones R. L., Rousselot R., 2009, ApJ,
697, L91
Gladman B. et al., 2012, AJ, 144, 23
Gomes R. S., 1997, AJ, 114, 2166
Gomes R. S., 2000, AJ, 120, 2695
Gomes R. S., 2003, Icarus, 161, 404
Gomes R. S., Morbidelli A., Levison H. F., 2004, Icarus,
170, 492
Gomes R. S., 2009, Celest. Mech. Dyn. Astr., 104, 39
Gomes R. S., 2011, Icarus, 215, 661
Ida S., Larwood J., Burkert A., 2000, ApJ, 528, 351
Kenyon S. J., Bromley B. C., O’Brien D. P., Davis D. R.,
2008, in Barucci M. Boehnhardt A. H., Cruikshank D. P.,
Morbidelli A., eds, The Solar System Beyond Neptune,
Univ. of Arizona Press, Tucson, p. 293
Kobayashi H., Ida S., Tanaka H., 2005, Icarus, 177, 246
Levison H. F., Duncan M. J., 1994, Icarus, 108, 18
Levison H. F., Morbidelli A., VanLaerhoven C., Gomes R.,
Tsiganis K., 2008, Icarus, 196, 258
Levison H. F., Stern S. A., 1995, Icarus, 116, 315
Li J., Zhou L.-Y., Sun Y.-S., 2008, CAA, 32, 409
Li J., Zhou L.-Y., Sun Y.-S., 2011, A&A, 528, A86
Luu J. X., Jewitt D. C., 2002, Annu. Rev. Astron. Astro-
phys., 40, 63
Lykawka P. S., Mukai T., 2007, Icarus, 189, 213
Lykawka P. S., Mukai T., 2008, AJ, 135, 1161
Malhotra R., 1993, Nature, 365, 819
Malhotra R., 1995, AJ, 110, 420
Malhotra R., 1998, Lunar Planet. Sci. Conf., 29, 1476
Malhotra, R., Duncan, M. J., Levison, H. F., 2000, in Man-
nings V., Boss A. P., Russell S. S., eds, Protostars and
Planets IV, Univ. of Arizona Press, Tucson, p. 1231
Melita M. D., Brunini A., 2000, Icarus, 147, 205
Morbidelli A., Thomas F., Moons M., 1995, Icarus, 322,
340
Morbidelli A., 1997, Icarus, 127, 1
Morbidelli A., Valsecchi G. B., 1997, Icarus, 128, 464
Morbidelli A., Brown M. E., 2004, in Festou M. C., Keller
H. U., Weaver H. A., eds, Comets II, Univ. of Arizona
Press, Tucson, p. 175
Murray C. D., Dermott S. F., 1999, Dynamics of the Solar
System. Cambrige Univ. Press, Cambridge
Nagasawa M., Ida S., 2000, AJ, 120, 3311
Nesvorny´ D., Roig F., 2000, Icarus, 148, 282
Petit J.-M., Morbidelli A., Valsecchi G. B., 1999, Icarus,
141, 367
Petit J.-M. et al., 2011, AJ, 142, 131
Schwamb M. E., Rabinowitz D. L., Tourtellotte S., Brasser
R., Hadjiyska, E. I., 2011, Epsc. Conf., 6, 1904
Sheppard S. S., 2012, AJ, 144, 169
Standish, E. M., 1998, JPL Planetary and Lunar
Ephemerides, DE405/ LE405 (InterofficeMemo. 312.F-98-
048) (Pasadena: JPL)
Tiscareno M. S. & Malhotra R., 2009, AJ, 138, 827
Trujillo C. A., Brown M. E., 2002, ApJ, 566, L125
Tsiganis K., Gomes R., Morbidelli A., Levison H. F., 2005,
Nature, 435, 459
Volk K., Malhotra R., 2011, ApJ, 736, 11
Wan X. S., Huang T. Y., 2007, MNRAS, 377, 133
Wiegert P., Innanen K., Huang T.-Y., Mikkola S., 2003,
AJ, 126, 1575
Zhou L. Y., Sun Y. S., Zhou J. L., Zheng J. Q., Valtonen
M., 2002, MNRAS, 336, 520
c© 0000 RAS, MNRAS 000, 000–000
